Assuming chemical and thermal equilibrium to be maintained in the detonation wave-front, and using the equation of state in the form of the virial expansion, the velocity of detonation has been determined as a function of the loading density. In the absence of data at suffi ciently high pressures and temperatures for the products of detonation of t .n .t ., it has been assumed that the virial coefficients are constant and their values have been determined to give agreement with the measured values of the detonation velocity for loading densities less than 1*5 g.cm.-3. The pressure-volume-temperature relation in the detonation wave-front can then be determined. The pressure in the detonation wave-front is found-to be of the order of 2 x l 0 n dyne cm.-2 for a loading density of 1*5 g.cm.*3, compared with the value of 9*4 x 1010 dyne c m r 2 given in the earlier work of other authors using the co-volume method. With the equation of state adopted in this paper it is found that at a high loading density only negligibly small amounts of hydrogen and carbon monoxide are present in the detonation wave-front, a fact which facilitates the calculation of the adiabatic relations in this case. It is shown (part B) that these gases do, however, develop rapidly during the initial stages of the adiabatic expansion.
as in the case of ship propellers, pumps, etc. The results described in the paper show the importance of considering the possibility of bubbles or dispersed surface, the frequency, and the amplitude, in any problem involving the transmission of negative pressure through a liquid.
The work formed part of a general investigation of condensation and evaporation in the research programme of Messrs G. and J. Wier, Ltd., to whom I am indebted for permission to publish. Assuming chemical and thermal equilibrium to be maintained in the detonation wave-front, and using the equation of state in the form of the virial expansion, the velocity of detonation has been determined as a function of the loading density. In the absence of data at suffi ciently high pressures and temperatures for the products of detonation of t .n .t ., it has been assumed that the virial coefficients are constant and their values have been determined to give agreement with the measured values of the detonation velocity for loading densities less than 1*5 g.cm.-3. The pressure-volume-temperature relation in the detonation wave-front can then be determined. The pressure in the detonation wave-front is found-to be of the order of 2 x l 0 n dyne cm.-2 for a loading density of 1*5 g.cm.*3, compared with the value of 9*4 x 1010 dyne c m r 2 given in the earlier work of other authors using the co-volume method.
With the equation of state adopted in this paper it is found that at a high loading density only negligibly small amounts of hydrogen and carbon monoxide are present in the detonation wave-front, a fact which facilitates the calculation of the adiabatic relations in this case. It is shown (part B) that these gases do, however, develop rapidly during the initial stages of the adiabatic expansion. The calculation of the equilibrium conditions in the detonation wave-front with the adopted equation of state (part A) determines the initial conditions for the calculation of the adiabatic relations for a high loading density. The chemical composition of the gases during the adiabatic expansion and the external work done during it have been calculated for a loading density of 1*5 g.cm.-3 (part B). It is shown that the large amount of chemical energy * N o w a t t h e R o y a l S o c ie ty M o n d L a b o r a to r y , C a m b rid g e . released ip. th e early stages o f th e expansion is to be co rrelated w ith th e high effective value of th e ex p o n en t in th e a d ia b a tic in th is region, a n d th is is due to th e d o m in a n t role o f th e repulsive forces betw een th e m olecules o f th e tig h tly com pressed gases d u rin g th e early stages of th e expansion. T he sam e effect is also observed in th e case o f a low loading d en sity (p a rt C).
The difference w ith reg ard to th e am o u n ts o f hydrogen a n d carbon m onoxide p resen t in th e d e to n atio n w ave-front for a low loading d en sity com plicates th e solution o f th e e q u atio n s in th is case. I n p a rt C it is show n how th is can be done for a loading d en sity o f 1*0 g.crn.-3, a n d th e d eto n atio n velo city a n d th e pressure, d en sity an d te m p e ra tu re in th e w av e-fro n t have been determ in ed using th e sam e e q u atio n o f s ta te as in p a rts A a n d B. T he a d ia b a tic pressure-volum e relatio n for th e expansion o f th e p ro d u cts o f d eto n atio n , a n d th e chem ical com position during, a n d u p to th e en d of, th e ad ia b a tic expansion h av e also been determ ined. C om pared w ith th e results for a high loading den sity , th e re is considerably m ore carbon m o n oxide an d less carbon dioxide a n d a su b sta n tia l rise in th e to ta l n u m b er of m oles of gas p ro duced per m ole of explosive. T he ra tio is found to be sensitive to th e pressure in th e d eto n atio n w ave-front, from w hich, b y com parison w ith th e observed values o f th is ratio , in d ep en d en t evidence is o btained for th e d e to n a tio n pressure calculated in p a rt A. T he chem ical energy released p er gram o f explosive is less fo r a loading d en sity o f 1 0 g .c m r 3 th a n for a loading d ensity of 1-5 g .c m r 3, a n d th e e x te rn a l w ork done is also less in th e form er th a n in th e la tte r case.
The am o u n ts of am m onia an d o f h ydrocyanic acid in chem ical equilibrium w ith th e o th e r gases are d eterm ined an d th e y are found to be negligibly sm all. I t is concluded th a t these gases, observed in experim ents, are p ro b ab ly form ed b y c ata ly tic actio n w ith th e bom b fragm ents during th e cooling p eriod a fte r th e ad ia b a tic expansion has been com pleted. T he calculations have been com pared w ith th e av ailable ex p erim en tal d a ta an d are in reasonable agreem ent w ith it. A n ex p lan a tio n is suggested for th e observed difference in th e com posil ion of th e gaseous p ro d u cts o f th e d eto n a tio n o f t .n .t ., in itia te d a t a given loading den sity , w ith d eto n ato rs of different pow er.
. I n t r o d u c t io n
11. For a solid explosive the pressure, temperature and molecular volume in the detonation wave-front have values which lie far outside the range which has been studied in other connexions, so th at little guidance is available for the purpose of setting up the equation of state appropriate to the conditions in the detonation wave-front. Mainly for this reason, but also because the products of the detonation of a solid explosive are more complicated than those of the detonation of a gas, the study of the process of the detonation of solids presents greater difficulties than of th at in gases.
1-2. Many investigations of the properties of explosives have made use of a form of van der Waals's equation (Cranz 1926; Crow & Grimshaw 1930) , which is obtained from th at for a perfect gas by diminishing the specific volume by a certain constant amount referred to as the co-volume. This has been used widely for the interpretation of experiments in which the pressure is measured after an explosion in a closed bomb. The value of the co-volume obtained in this way is much less than that determined under ordinary conditions, and the discrepancy is generally too great to be accounted for by the high temperature of the explosion. Although this equation of state fits the experimental results obtained in closed bomb experiments approximately (Cranz 1926, p. 40) , it is entirely inadequate for the study of the detonation process. For, immediately behind the detonation wave-front the density is greater than th at of the unexploded material, and the molecular volume is actually less than the excluded volume which it would be necessary to assume in applying this equation of state. Furthermore, it requires that the internal energy shall be a function of the temperature only, but under the high compression which exists in the detonation
wave it is clear that the repulsive forces between the tightly packed molecules will make a significant contribution to the energy. I t is, therefore, clear th at a theory of detonation with this equation of state as basis can only be built up by fixing the value of the co-volume arbitrarily so as to give the observed rate of detonation (cf. Langweiler 1938); co-volumes so determined can have little physical significance. 1*3. In this paper the detonation velocity is determined as a function of loading density by assuming chemical and thermal equilibrium to be maintained in the wave-front. By comparing this relation with the observed values of the detonation velocity the virial coefficients in the equation of state have been determined. The pressure, temperature and volume in the detonation wave-front have then been determined. The initial conditions calculated in this way can then be used as the starting-point from which to calculate the pressure-volume-temperature relations and the chemical composition during the adiabatic expansion of the material in the detonation wave-front of a solid explosive at different loading densities. Detailed application is made to t .n .t ., and the effect of varying the loading density is determined. 1*4. In determining the adiabatic it is assumed th at complete chemical and thermal equilibrium exists a t each instant during the expansion. The validity of this assumption must be judged by the results to which it leads, but in any case it is a useful assumption to make since it provides a precisely defined limiting case. I t should, however, be noted that while it is probable th at complete chemical equili brium exists in the initial stages of the expansion it is certain th at in the later stages chemical equilibrium is not maintained. The experiments of Robertson & Garner (1923) , for example, show th at the relative amounts of the product gases when they have cooled to room temperature still correspond to an equilibrium temperature of about 1800°K. I t would appear at first sight th at the calculation of the adiabatic relations is faced with an almost insuperable arbitrariness in that, without a detailed knowledge of the reaction velocities of the various reactions taking place, it is not possible to determine with certainty the pressure and temperature under which the chemical equilibrium is to be considered to be frozen out. However, when the composition is determined during adiabatic expansion assuming chemical equili brium it is found th at the amount of free carbon present decreases rapidly a t first as the volume increases, and then, passing through a minimum, it increases slowly and steadily. At about the same stage as there is a minimum of free carbon there is a maximum of carbon monoxide and of the total amount of gas present. Further, it is found that, in this region of the adiabatic expansion, the composition changes only very slowly in relation to the volume or the pressure. The reaction velocities are known to decrease rapidly with decreasing pressure and temperature; accordingly, in the present calculations, it is assumed th at if chemical equilibrium is maintained up to the stationary values of the composition, the reaction velocities will then have fallen to values negligible compared with the speed of the expansion before the composition has changed appreciably from th a t a t the stationary point. More precisely, it is assumed th at chemical equilibrium exists up to the stage a t which there is a minimum of free carbon and th at thereafter the composition is fixed.
. E n e r g y e q u a t i o n
The equations of continuity of mass and momentum across the wave-front can be written
where U is the velocity of the detonation wave-front, u is th a t of the material in the wave-front; p0 is the density of the unexploded material, p is th a t of the ma in the wave-front; p is the pressure in the wave-front, and the pressure of the unexploded material is taken as zero since atmospheric pressure is completely negligible compared with p.
As the wave-front advances through the solid explosive, solid material passes into it and acquires a velocity u, and is subject to work done by the pressure difference p. At the same time chemical energy, H per mole of explosive, is released in the chemical reactions which take place in the wave-front. Thus if the molecular weight of the explosive be denoted by M, the total internal energy per gram of material in the detonation wave-front is given by
H pu M +^U
and, using equations (1), (2) and (3), this reduces go
where v0 and v are the molecular volumes and E is the internal energy of the exploded material per mole. Equation (4) is generally referred to as the Hugoniot equation. The energy of the material in the wave-front is a function of the molecular volume and the temperature or, when the equation of state is known, it may be expressed as a function of the pressure and the volume. The energy of the chemical reaction can also be expressed as a function of the pressure and the volume. Thus, the Hugoniot equation expresses a relation between the pressure and the volume in the detonation wave-front. To determine them a second relation is required. This is provided by the Jouguet (1906) condition which is usually expressed by the equation (dp\
in which ( dp [dv) h denotes the gradient of the line which represents the Hugoniot equation in the p-v diagram.
Equation of state
I t was explained in the introduction that there is very little information available to indicate the correct form of the equation of state to be used in calculations dealing with the detonation wave. First, it is to be noted th at there is no virtue in using any of the usual complicated empirical equations of state. For the complicated form of these equations is designed to cover the critical phenomena which are controlled by the weak molecular attractions, while in the range of pressure and temperature which exist in the detonation wave these weak molecular attractions are negligible compared with the mean molecular energies. The best th a t can be done therefore is to choose the simplest type of equation which is yet sufficiently general to include the effects of molecular repulsion on the internal energy. In this paper the virial equation in powers of the pressure, terminated at the term in p3, is used, so
where v' is the volume and N' the number of moles a t temperature T and pressure p of the gaseous products of the detonation of 1 mole of explosive. To assume a constant co-volume, as is done by Schmidt (1935 Schmidt ( ,1936 and by Langweiler (1938) , corresponds to terminating the expansion at the first power. The virial coefficients b, c and d are, of course, functions of the temperature and of the mole fractions of the constituents of the gas. In the absence of any specific knowledge of the nature of these functions in the range of pressure and temperature in the wave-front, or for the products of detonation, the drastic assumption of regarding them as constants is made. On the basis of this assumption a relation can be determined between the detonation velocity and the loading density and is given by equations (1) and (2) with the values of p and v determined from equations (26), (27) and (28) below. The values of the virial coefficients are then determined by comparing the calculated relation between detonation velocity and loading density with the observed values, for loading densities less than l-5g.cm.-3. I t is probably best to state immediately the values which are obtained for the virial coefficients when this procedure is carried out. 
where N' is the total number of moles of gaseous products, th at is, = where Ng is the number of moles in the solid state. The are defined to be functions of the temperature only. If A denotes a molecular species which is in the gaseous phase in the detonation products, then EA denotes the e low enough to ensure th a t the energy depends only on the temperature. If A denotes a species which is in the solid phase in the detonation products, then EA is taken to be the internal energy a t atmospheric pressure. The contribution to the total energy arising from the compression of any solid phase is neglected throughout these calculations.
Ex is the energy per mole of gas arising from the mutual interacti between the gas molecules.
From equations (6) and (7) and the well-known thermodynamical relation
W E+pv)\ =v-T(^)P'
it follows immediately th a t Ex = -£ c2 - § since by definition Ex vanishes at zero pressure.
4*2. We now express the heat energy as a function of the pressure, volume and the number of moles of the different species, taking into account the field of force of the molecules but assuming th at it is the same for all molecules. To do this we make use of the relations
where O is the Gibbs function for the detonation products and /iA is the partial potential of the species A (all A). The assumption th at all the molecules have the same field of force is expressed by the equation
where A, B , ... denote molecular species in the gaseous phase and N r is the total number of moles of gas in the volume v'. Thus
A quantity p *is now defined by the relation
where pA 0 is the partial potential of the species A in the perfect gas condition, so
,na,.
* \ v' R T N ''
Integrating this and using the equation of state we get
in which the constant of integration has been determined by the condition th at p* and p vanish together. For a perfect gas it is known th at
is a function of the temperature only, and therefore for the material of the detonation
is the same function of the temperature. Now, the equilibrium condition for the reaction A + B^A B between perfect gases is
Since the number of atoms is conserved this can be written as
whence, for a perfect gas, log NaNb , .
where K(T) is the equilibrium constant for the reaction. Thus for the material of the detonation wave nr nr B P _ K{T) Nab N' is the required equilibrium condition. Thus the effect of the intermolecular forces is expressed in the equation for chemical equilibrium by replacing the pressure by the function p *given by equation (13). At 3000° K the values given in table 1 are obtained for p* from equations (6) and (13), assuming the values (to be justified later) for the virial coefficients given by equation (7). I t will be noticed th at as p increases, and v'/N' decreases, p* increases very rapidly so th at even at high temperatures N'T/p* is negligibly small for pressures greater than 104atm. This result is of importance in the calcula tion of the conditions in the detonation wave-front, from equations (19), (20) and (21) (16) for each reaction which takes place in the detona tion wave-front, the composition of the products of detonation can be calculated and thence the values of E and H can be determined. I t is f detonation pressure is of the order of th at in the last two lines of table 1, so th a t in the detonation wave-front p* is very great and N'Tjp* differs insignificantly from zero. This justifies the procedure of § 5-2 below, and it is for this reason th at table 1, which is based on the values eventually determined for the virial coefficients, is included a t this stage. This simplifies the calculations which are necessary to deter mine the conditions in the wave-front greatly. Having determined E and H, the Hugoniot equation and the Jouguet condition can then be used with the equation of state to determine the pressure and temperature in the wave-front and the detonation velocity. This procedure will be illustrated by considering the detonation of solid T.N.T. 5. Chemical equilibrium for t.n .t. 5*1. I t is assumed th a t no compounds of nitrogen are formed in the wave-front, and, in fact, it will be shown in part C th a t only negligible amounts of ammonia and hydrocyanic acid are formed even during the adiabatic expansion of the gaseous products of the detonation. W ith this assumption the decomposition of t .n .t . is represented by the equation C7H 5N30 6 = 1-5N2 + WH2oH 20 + WH2H 2 + WCH4CH4 + NCOt C 02 + CO + C, (17) in which NA is the number of moles of species A and the carbon is produced as graphite. Consider the reactions
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let K X(T), K 2(T), K 3(T)
and K±{T) be the equilibrium constants applicable to the perfect gas condition for these four reactions. 
where A El is the energy of reaction at the absolute zero, be plotted against log10 T a straight line is obtained. In this way the tables given by Lewis & von Elbe were extrapolated to higher temperatures. 5*2. The equations which determine the composition are then -^CH4 + ^C02 + ^C0 + -^! =:
(19-1)
Eliminating all the molar fractions except that of hydrogen, we obtain the equation 
in which / has been written for WH2, A for N 'T Ip* and the coefficients a0, ax, and which are functions of T only, are given by the equations
Iy 2
In the detonation wave-front p* is very large and the p so small that the composition in the wave-front is given quite accurately by taking (N'T/p*) to be zero. In this case the total number of moles of gas is constant and equal to 5-75 and it can be verified by using equation (21) t h a t / 2 is of the order of A and that the composition is given by with
NUt=0,
Nc o = 0, An, = 1-5, AHj0 = Ach4 = ^(T), ACq2 = 1*75
Typical values of <f>(T) are given in table 2. 
< / > ( T )0-470
This determines the composition in the detonation wave-front at any temperature. We thus get the rather remarkable result that hydrogen and carbon monoxide are present in the detonation wave-front only in negligible amounts. I t will be shown in parts B and C below, however, that, due to chemical reaction in the wave-front, both of these gases develop rapidly as the material of the detonation wave-front expands adiabatically. The energies of the gases are known (Lewis & von Elbe 1938, appendix A, table 1), so that the total energy per mole of explosive can be calculated using equations (8). It is found to be very nearly a linear function of the temperature and the energy J^kcal./mole t .n .t . can be represented quite accurately by
where Ex is given by equation (9). Using the values of the NAB given by equations (22) it is found that H = 292-57-3-888 ( j so th at in the range 1000 to 3000° K, H varies by less than 0-25 %. Accordingly, to calculate the conditions in the detonation wave-front for t .n .t ., H has been taken as constant and equal to 290 kcal./mole t .n .t . (9), (23) and the equation of state (6), the Hugoniot equation can be written in the form
5-4. From equations
where a is the coefficient of T in the expression for the internal energy. The Jouguet condition leads to the equation
Thus equations (25) and (26) have to be solved with the equation of state. From equations (6), (25) and (26) Also, from equations (25) and (26), we obtain
Thus, for a given value of T, equation (27) 
where vs is the specific volume of the solid phase. Thus for a given loading density, th at is, for a given value of v0, the corresponding values of pressure, volume and temperature in the detonation wave-front can be calculated. The velocity of the detonation wave-front can then be calculated from equations (1) and (2). 6
6. R esults for t.n .t.
W ith the appropriate values of the various constants, the conditions in the detonation wave-front for t.n .t. are determined by the equations
Further, the molecular volume of carbon is 5-4 cm.3 and, since a t the temperature of the detonation wave-front there are approximately 3-9 moles of carbon, then
These equations determine the pressure in the detonation wave-front and the detonation velocity as functions of the loading density, once values have been assigned to the virial coefficients. As has been explained above, the values of the virial coefficients have been chosen to give agreement with the measured values 'of the detonation velocity for loading densities less than l-5g.cm.~3, corresponding to the lower detonation pressures. W ith the simple virial expansion which has been assumed for the equation of state it is not possible to get exact correspondence between the experimental and calculated values throughout the whole range of pressure or of detonation velocity. To determine the adiabatic expansion, in which the pressure falls off greatly from its value in the detonation wave-front, it is prefer able to have better agreement for lower pressures. This implies th a t in using the measured values of the detonation velocity to determine the virial coefficients, the loading density (g.cm. equations of state will provide a better approximation if they are chosen to give agreement for low loading densities. The values which are obtained in this way have already been given in equation (7). The detonation pressure and the detonation velocity are shown as functions of loading density in figure 1 . The circles represent the experimental determination of the detonation velocity by Friederich (1933 Friederich ( ,1936 ; the departure of the calculated detonation velocity from these values for high loading densities illustrates the remarks made earlier in this paragraph about the determination of the virial coefficients. The values of the pressure show, by reference to table 1 above, th at p*/p is very large in the wave-front and N 'T Ip* is negligibly small, thus justifying the assumptions made in § 5-2 above.
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Initial conditions
The initial conditions are determined by the calculations of p art A. The equation of state is pv'/N' = 2*T + 25-4p -0-104p2 + 2-33x 10-4p 3> ( where the pressure is expressed in 1000 kg.cm.-2 as unit. For a loading density of l-5g.cm.~3 the pressure in the detonation wave-front is 15-9 x 1010 dyne cm.-2, the volume per mole of t.n .t. is 117 cm.3 and the temperature is 3400° K. These are the initial conditions for the calculation of the adiabatic relation a t this loading density.
The equation for adiabatic expansion in a form
SUITABLE FOR APPLICATION TO SOLID EXPLOSIVES
8*1. The high initial compression of the gases implies both an elaborate equation of state and th a t the internal energy will depend on the pressure as well as on the temperature. Further, the composition of the products of detonation changes during th a t part of the adiabatic expansion in which chemical equilibrium is maintained. These two factors make the calculation of the conditions during the adiabatic expansion somewhat complicated. The differential equation for the adiabatic
where E, which is the internal energy, and H, which is the energy liberated by the chemical reactions, are both complicated functions of pressure and temperature. In order to share these complications between the two terms of equation (31), it has been found advantageous to use T as the independent variable and
as the dependent variable, for E -H can be expressed more easily in terms of y and T than it can be in terms of p and v.
Equations (8) and (24) can be combined to give
where the first summation is taken over each molecular species and the second sum mation over all compound molecules, and is given by equation (9). 8*2. I t is convenient to define three functions of and T by the equations
each of which reduces to unity for the perfect gas condition. From these definitions it follows that ,a £ \ \dy/T /3 p \ W ) , T (dp P 
Equation (31) can be written dT = 0, and therefore, using equations (33), (35) and (36), we get
in which the summations extend over all molecular types and eA is to be put equal to zero for any chemical elements.
When y has been obtained as a function of T it is easy to obtain p in terms of T from equation (32) 
and ( dv'\dp)a from the equation Equation (37) can be used for any explosive; it will later be reduced to a form suitable for actual calculation in the special case of t.n .t. The effects of the imper fection of the gas and the changing composition can be seen separately in equation (37). If <E >, T and X are each put equal to unity the effect of varying composition in the perfect gas condition is obtained. If (dNA/dT)y and (dNA/dy)T are each put equal to zero for all A, the adiabatic equation for an imperfect gas of fixed com position is obtained. As, in the later stages of expansion, the composition is fixed, the equation for fixed composition will be determined now.
Equation for adiabatic expansion with fixed composition
When the composition is fixed, equations (37) and (38) reduce to
and, since the right-hand side of this equation is a function of temperature only, it can be integrated without difficulty. In this case, equation (39), making use of equation (40), reduces to
In the limit of low pressures Y reduces to the ratio of the specific heats a t constant pressure and constant volume, and ultimately becomes the exponent of v in the ordinary adiabatic relation. Equation (41) shows th at a t higher pressures the logp-log v curve becomes steeper because, although is positive, < J> diminishes rapidly with increasing pressure; this is a consequence of the repulsive forces between the molecules.
Equation (41) can be written in a slightly different form which is of special interest in the case of solid explosives. We nave
The initial velocity of the shock wave in a gas is given bj7 the integral of ( -)* with respect to p from the initial pressure in the detonation wave-front pressure in the layer of the shock wave next to the explosive. The effect of the repulsive forces, which is represented by the second member of the right-hand side of equation (42), is to increase the calculated shock wave velocity, and to make p decrease more rapidly with increasing v for low values of v. 10-1. Equations (19*2), (19-3) and (20*1) and the equation obtained by eliminating p* from equations (20-2) and (20*3) give four equations connecting the relative amounts of water, hydrogen, carbon monoxide, carbon dioxide and methane. Thus, if one of these concentrations be taken as a parameter, say iV^o which will be written as x, the other concentrations can be expressed in terms of x and T. We then have The other concentrations then follow from equations (19) and (20) Five of the, six equations (19) and (20) 
10*2. At each stage of the integration, th a t is, for a given pair of values of and T, it is necessary to determine x from equation (46) u determined x, f and g, the partial derivatives g and y with respect to x an can be calculated. From them, the partial derivatives required in the integration of equation (37) can then be obtained readily. (43), (44) and (45) 
10*3. I f equations
G(y, T) = -(5-15 + 0-5f+0-5g)RT<t> + < ? 2(+ (% + iX R T) ( 1 )^ + <4 + ( | ) ? , (48-2)
with -1*25(£7CH4 -eCH4) + 3(^co, -eco2) + (49#1)
&i ( When the values of the functions <£( T )are calculated from th and the heats of reaction of the various gases involved and plotted as functions of T, it is found th a t the points are very nearly collinear. These quantities were therefore represented by linear functions of T as follows:^( T ) = 89-3T -343, #t(T) = -0 6 2 3 T -0-513, (50-2)
< P S(T) = -1-23T + 11-5, (50-3)
#i{T) = -2 -5 1 T + 21-9, where the temperature is written in terms of 1000° K as unit and the <o(T) are given in kcal. Thus starting from the initial conditions equation (47) can be integrated numerically, the values of the equilibrium constants (and functions of them) being obtained as explained in part A.
10*4. I t should be noted th a t with the given initial conditions
equations (32) and (43) to (46) give
These figures verify in detail that, with the adopted equation of state, only negli gible amounts of hydrogen and carbon monoxide are present in the detonation wavefront when the loading density is not less than 1-5 g.cm.-3 (cf. the statem ent following table 2). This is no longer the case for lower loading densities, and the calculation of the adiabatic is then more complicated and has to be carried out as indicated in part C below.
10-5. The integration is continued to the neighbourhood in which there is a minimum amount of free carbon present, which occurs a t about 1600° K. From this stage it has been assumed th a t the composition remains fixed. Using equations (43) to (46) 
their values a t 1600° K, calculated in the integration of equation (47). Equation (51) then determines the adiabatic in the region in which the composition remains fixed.
10-6. The concentrations of the products of detonation throughout the expansion are shown in figure 2 and the pressure, volume and temperature relations are shown in table 3. The minimum amount of free carbon present and maximum in the total amount of gas present is evident between 310 cm.3 (corresponding to 1800°K) and 410 cm,3 (corresponding to 1600° K). In the fourth column of table 3 the values of -dlog p / dl og vare shown. This gives the effective exponent of v in the adiabatic relation during the adiabatic expansion. The high value of this differential coefficient has important consequences which can be seen by considering the variation of j p dv from the initial volume (v0) up to a given volume (v) with (v0/v)i (which is shown by the broken curve in figure 3 ). This integral measures the external work done during the expansion, and is equal to the difference between the values of E -H at the i to ^3 * ? :
•j/N'i jo ejoui jad so[oui jo jaquinu initial volume and the volume in question. From figure 3 it can be seen th at a large amount of chemical energy is released as work in the very early stages of the expan sion. The work done in an adiabatic expansion from a volume v0 to a volume v, divided by the initial energy of the gas, is
where y is written for -( dl og p / dl og Thus the property of yielding a large part of the chemical energy as work in the early stages of the expansion is associated with the high effective value of y initially, which corresponds to a sharp fall in pressure for increasing volume for small values of v. As has been noted already this is due to the dominant effect of the repulsive forces between the molecules in the early stages of the expansion. 10-7. For the initial conditions, the chemical energy is 288-6kcal.'/mole t .n .t . This is the energy given up in the detonation wave-front, but part of this chemical energy is reabsorbed during the adiabatic expansion as the amount of carbon monoxide increases. When the composition becomes fixed the chemical energy is 247-9 kcal./mole t .n .t . It can be seen from figure 3 that the total work done during the expansion of an element of gas in the detonation wave-front is greater than the chemical energy released. This is because the internal energy of the wave-front is augmented by the work done on it by the detonation wave itself. The maximum kinetic energy in all forms, which can be obtained from the detonation of the explosive is naturally not greater than the final value of the chemical energy released.
The detonation of solid explosives 497 T a b l e 3. T e m p e r a t u r e , p r e s s u r e a n d v o l u m e d u r i n g a d i a b a t i c e x p a n s i o n OE THE DETONATION WAVE-FRONT IN T.N.T. AT A LOADING
Vol. 194. A. 1 1 . Co m p a r is o n w it h e x p e r i m e n t 11*1. Consider an idealized experiment in which the explosive is placed in a large evacuated space, but where the explosive itself is surrounded by a heavy casing. When the explosion takes place under these conditions nearly all the chemical energy is absorbed by the casing, in the early stages of the expansion before the gases have filled the bomb. During this process each element of the products of the explosion is expanding adiabatically except when it passes through the wave-front of a shock wave, and the resulting gases should have very nearly the composition which has been calculated for the adiabatic expansion. 11*2. These ideal conditions are very closely satisfied in the experiments of Robertson & Garner (1923) and in those carried out at the Chemisch-Technische Reichsanstalt (Haid & Schmidt 1929 ,1931 Marshall 1932) . In the latter experiments, a cartridge of t .n .t . weighing 10 g. at a loading density of 1-52 was fitted into a mas sive lead block, the end of the hole being filled with sand and the whole placed in an evacuated steel bomb. It was fired with a detonator containing some tetryl. The results of the analysis, compared with the calculations of this paper, are given in table 4 in which the figures give moles of gas per mole of t .n .t . The agreement is fairly good, particularly since in the calculations nitrogen compounds were excluded. In § 15 of part C below, where this question is discussed, evidence will be adduced to show that the nitrogen compounds are probably formed by reactions between the products of detonation while they are cooling to room temperature after the expansion has occurred. Thus the occurrence of nitrogen compounds in the experimental analysis indicates that it does not give the products of the adiabatic expansion precisely, and that the values given by it show the effects of chemical reaction after the adiabatic expansion is completed/This probably accounts for differences between the observed and calculated values, particularly in the case of methane. 11*3. The same authors give results of another experiment in which a lead azide detonator is used to fire the charge. The discussion of these results, as also those of Robertson & Garner who carried out experiments at a loading density of T3 g.cm.-3, can best be deferred until the adiabatic expansion at a low loading density has been considered in part C below.
P A R T C. T H E A D IA B A T IC E X P A N S I O N O F T H E P R O D U C T S O F D E T O N A T IO N O F T .N .T . A T A L O W L O A D IN G D E N S I T Y
12. In the previous part dealing with a high loading density it could be assumed th at only negligible amounts of hydrogen and carbon monoxide are present in the detonation wave-front, and this simplified the solution of the equations relating pressure, volume and temperature. This assumption is no longer valid for a low loading density and this requires th a t the equations be used differently, as is explained below.
T h e H u g o n io t c u r v e f o r a l o w l o a d i n g d e n s i t y
13*1. I t is assumed th a t the equation of state (6) holds throughout the expansion with the values of the virial coefficients which have been determined already (equation (30)). The amounts of various substances formed, in terms of the amounts of water, carbon monoxide and hydrogen, are given by equations (43), (44) and (45) and a further equilibrium condition is given by equation (46). For given values of pressure and temperature, equation (30) determines v'/N' and equation (32) deter mines y. Equations (43) determine / and g for an assumed value of x\ these values are then substituted in the right-hand side of equation (46), and the process is repeated until a value of x is chosen which satisfies equation (46). Equations (45) then determine the chemical composition and the total number of moles of gas. This latter value, with the value of v'/N' obtained from equation (30), determines v'. The total volume is then given by
where N0 is the number of moles of carbon and ve, which is equal to 5*4 cm.3, is the volume of 1 mole of carbon.
13*2. The difference between the internal energy, and the energy, H, liberated by the chemical reaction in the detonation wave-front is given by
E -H -$i(T) + xS' T ) +fS'T ) + gSx{T) + eTNT -t-N'EX, (52)
where the S'(T) are given by equations (50) and E1 is given by equation (9). For a given temperature, the values of E -H and of v can be determined in the way indicated in the preceding paragraph. From the Hugoniot equation,
the value of v0, the initial volume of the explosive, can be determined. For a given temperature, the value of pi s varied until this calculation gives a val sponding to the loading density for which it is desired to determine the chemical composition of the products of detonation and the detonation velocity. This deter mines one point on the Hugoniot curve, and it can be determined completely by carrying through this calculation for a number of different temperatures. By the usual construction of drawing the tangent to this curve from the point on the line p -0 at which v = v0 the detonation velocity can be determined.
13'3. The points which are obtained in tfiis way, assuming that chemical equili brium is maintained in the wave-front, are plotted as the full curve in figure 4 , in which the abscissa is the volume in cm.3 and the ordinate is the pressure in 1010 dyne cm.-2. If a is the inclination of the tangent from the point (227,0) to this curve, the detona tion velocity U m.sec.-1 is given by Ua -2*27 tan a.
This gives a detonation velocity of 5266 m./sec. which is about 5 % greater than the measured detonation velocities at this loading density. The broken curve in figure 4 shows the curve which is obtained when it is assumed th at the total number of moles of gas is fixed, and the tangent to this curve (also shown broken) determines the detonation velocity on th at assumption. I t gives a value about 12 % less than the observed detonation velocity. From this point, equations (47) and (48) can be integrated numerically. The integra tion was carried out by determining ( dyjdT)a a t th interval and using this value of the gradient to determine the value of y a t the end of the interval. The pressure and the chemical composition corresponding to these values of y and of the temperature were then determined in the way which has already been indicated ( §13-1). 14*2. The variation of the chemical composition during the adiabatic expansion is shown in figure 5 and the pressure-volume-temperature relations are given in table 5. From these it can be seen th a t the amounts of free carbon and of carbon dioxide are a minimum a t about 2000° K while the amount of carbon monoxide and the total number of moles of gas are a maximum a t about 1950 and 1850° K respec tively. Furthermore, for the adiabatic expansion, the composition changes very slowly in relation to volume or pressure in this neighbourhood. I t has therefore been assumed ( T e m p e r a t u r e , p r e s s u r e a n d v o l u m e d u r i n g a d i a b a t i c e x p a n s i ( s f ) a = 6 0 3 5 f • whence log10p = log10 T -2*57,
in which the constant of integration is determined by the temperature and pressure a t 2000° K. Further, for a fixed composition, the volume is given by
in which the constant term is the volume of the solid phase (free carbon). The entries in table 5 for temperatures below 2000° K have been determined from these equations.
14-3. From the calculated values of pressure and volume, the external work done during the expansion has been determined by evaluating jpdv from the initial conditions to any point in the adiabatic expansion. This is plotted as the full curve in figure 3 against the cube root of the ratio of the specific volume a t th at point to the initial specific volume in the detonation wave-front. By comparing this curve with the broken curve in figure 3 it can be seen th at the work done for a loading density of 1-0 g.cm.-3 is less than for a loading density of l*5g.cm.~3. The work done during adiabatic expansion to a given specific volume falls with decreasing loading density on two accounts. .First, as the loading density decreases, the specific volume in the detonation wave-front increases so that the ratio v/v0 falls. Secondly, for a given value of v/v0 the work done is less for a lower loading density.
14*4. For the initial conditions the amount of chemical energy released in the detonation wave-front is 263-2 kcal./mole of t.n .t.; some of this is reabsorbed as the amount of carbon monoxide increases and when the chemical equilibrium freezes out the amount of chemical energy available is 212-8 kcal./mole of t.n .t. This final value of the chemical energy released is less than the external work done; as already noted in part B, the difference is the amount of work done on the wave-front by the detonation wave itself. By comparing the figures in this paragraph with those given in § 10-7, it will be seen th at the chemical energy released per gram of explosive, and, consequently, the kinetic energy which can be obtained from a given mass of explosive is less for a loading density of 1-Og.cm.-3 than it is for a loading density of 1-5 g.cm.-3.
14-5. From the calculated values of pressure and volume, the value of -( dl og p/dlog v),more precisely, the value of the ratio -Alogp/Alogv, for each integration interval, has been determined, and is given in column 4 of table 5. I t is evident that, as in the case of a high loading density, the effective exponent in the adiabatic law is higher in the initial stages of the adiabatic expansion. The behaviour of -(d log p / dl og v) is the same for low as for high loading densities, and its maximum occurs at very nearly the same volume. The remarks already made in § 10-6 in this connexion apply also in the case of a low loading density.
15-1. In calculating the adiabatic both for a high loading density and for a low loading density, not all the molecules which could be formed from carbon, nitrogen, hydrogen and oxygen during the detonation have been considered. In particular, the nitrogen has been treated as chemically inactive during the adiabatic expansion. As various amounts of ammonia and of hydrocyanic acid have been reported in experimental investigations (for example, Robertson & Garner 1923) , this point needs further investigation. The purpose of this section is to determine the amounts of ammonia and of hydrocyanic acid which are in equilibrium with the other gases under the conditions at which there is a maximum amount of carbon monoxide and total number of moles of gas and a minimum amount of free carbon. The chemical composition under these conditions, which correspond to the freezing of the chemical equilibrium, should correspond to that which is determined in bomb experiments if no reactions occur in the container after the expansion is completed.
15-2. Ammonia and hydrocyanic acid will be formed at the expense of methane, hydrogen, nitrogen and free carbon. The reactions which have to be considered are (57-1) (57-2) (57-3)
If the equilibrium constants of these reactions a t a temperature T° K be denoted by K 2(T), K 5{T) and K 6(T) respectively then, in our usual notation, the chemical composition is determined by the equations (16) These values are so small that it is clear that no appreciable error is introduced by replacing the exact equations (59) by the approximate equations (60). In fact, the error in ^Hcn n°t more than 0-5% and in ANHj is not more than 3%. I t is therefore concluded th at only minute amounts of ammonia and hydrocyanic acid are formed during the initial stages of the adiabatic expansion and this would not affect the calculations in this paper. I t should also be noted that, in discussing the results of their experiments, Robertson & Garner (1923, p. 549 ) stated th at the action of the permanent gases on the liberated carbon during the cooling process determined the amounts of ammonia and cyanogen compounds formed, and th at due to continued reaction with the metallic fragments the amount of hydrocyanic acid depends on the rate of removal of the gases from the bomb.-The calculations of this section lend support to this conclusion. I t is therefore concluded th at during the adiabatic expansion only negligibly small amounts of ammonia and hydrocyanic acid are formed, and that the amounts of these substances which have been found in experi mental investigations are produced by reactions between the detonation products while they are cooling to room temperature after the adiabatic expansion is completed.
15-
4. This also suggests th a t the analysis of the products of the detonation experi ments carried out at the Chemisch-Technische Reichsanstalt (quoted in table 4) does not give the composition at the completion of the adiabatic expansion precisely. Allowing for the fact th at most of the ammonia and hydrocyanic acid reported in these experiments was probably formed after the completion of the adiabatic expansion, it appears th a t the chemical composition calculated in part B for a loading density of l-5g.cm.~3 is probably in even better agreement with experiment than would appear at first sight.
Comparison with experiment
16-1. I t has been pointed out already th at the conditions which obtain in closed bomb experiments correspond very nearly to those on which the calculations for the adiabatic expansion have been made. In the light of § 15 of this paper, one should add the proviso th at precautions must be taken in the experimental investigation to ensure th at the analysis of the products give the result of the expansion and not of subsequent reactions. The ratio of the number of moles of carbon monoxide to the number of moles of carbon dioxide is very sensitive to differences in loading density and to the difference in detonation pressure which arises from this. The relevant data are collected in the second and third columns of table 6, together with the available experimental data. The figures in columns 2 and 3 of this table show th at a difference of about 20 % in the pressure a t the point in the expansion at which the maximum amount of carbon monoxide occurs changes the ratio AC0/iVc02 by a factor of more than three. The large value of Nc0/NCq2 lower loading density is almost entirely due to th smaller value of the pressure in the detonation wave-front. In fact, if the detonation pressure, for a loading density of l-5g.cm.-3, were appreciably less than 15-9 x 1010 dyne cm.-2, the consequent reduction in the value of the activity would lead to a value of Nco/NCOi far in excess of the experimentally observed value of 1 • 66. Although this result depends on the method of calculating the activity (with its various approximations) it does provide some independent evidence for the high value of the pressure in the detonation wave-front as calculated in part A. The value of nearly 16 x 1010 dyne cm.-2 is appreciably higher than the values obtained with the co volume method of Schmidt (193 5,1936) and of Langweiler (1938) who give a value of 9-4 x 1010 dyne cm.-2 for this loading density. The value 2*52 in the fourth column of table 6 has been obtained from those in columns 2 and 3 by linear interpolation (which is possibly somewhat crude), but it is of interest to compare this figure with that (given in column 5 of table 6) which was obtained by Jtobertson & Garner (1923) for the ratio of Nco/NCOt in their experiments at this loading density.
16-2. Some work of interest in connexion with these calculations was carried out at the Chemisch-Technische Reichsanstalt (Haid & Schmidt 1929 , 1931 Marshall 1932) . The experimental arrangement was as indicated in § 11, and two series of experiments were carried out. In one series a plain detonator consisting of 2 g. of lead azide was used to fire the t.n .t., and in the other a composite detonator which consisted of 0-3 g. of lead azide plus 1 g. of tetryl or 2 g. of lead azide was used to fire the t.n .t., and in the other a composite detonator which consisted of.0-3g. of lead azide plus 1 g. of tetryl or 2 g. of penthrite; this latter provides a much more powerful initiator. The chemical composition of the products of the detonation in the two cases are given in table 7; the figures are the number of moles of the different products per kg. of t.n .t. Although the loading density was the same in the two cases there is an enormous variation in the chemical composition of the products of detonation; in particular, with the plain detonator there is 10-5 times as much carbon monoxide as carbon dioxide, while with the composite detonator this ratio is 1-66. The calculations of this and the preceding part provide an explanation of this. The relatively weak lead azide detonator fails to produce complete decomposition in the shock wave-front of the detonation zone. As a result, the pressure moves ahead of the chemical decom position, as in the case of a laterally expanding linear charge, and therefore expands the cavity in the lead container enclosing the charge. Thus for a considerable fraction of the charge of t.n .t., the effective loading density at which chemical decomposition takes place is very much* reduced. Consequently, on the basis of the calculations in this and the preceding part, a large increase in the value of the ratio of the number of moles of carbon monoxide to the number of moles of carbon dioxide is to be expected; and this is, in fact, observed. It appears that this effect could be made the basis of a means for measuring the effectiveness of initiators, since the value of the ratio NC0/NC0t, which can be determined experimentally, gives a measure of the extent to which the pressure can get ahead of the chemical decomposition in the detonation resulting from the use of any particular initiator, which in turn determines the effectiveness of a lightly cased charge.
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